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Measurements  of cataphoresis  of particles  in  an  electric  field  are 
complicated by the fact that in addition to the motion of the particles 
relative to the water, the water itself moves at the surface of the cell. 
In  macroscopic  measurements  the  cell  is  large  enough  so  that  the 
movement of the water as a whole is negligible.  If the measurements 
are made in a  narrow cell, however, the motion of the water is very 
great and must be corrected for.  The theory and technique  of such 
measurements have been thoroughly discussed  by Ellis  1 and Powis.  ~ 
As  Ellis pointed  out,  the total motion  of the  water in  a  closed cell 
must be zero, since the water which moves one way at  the surface of 
the glass must return in the opposite direction in the center of the cell. 
The average observed motion  of the particles  at  all depths relative to 
the cell must, therefore, be the true motion of the particles relative to 
the water,  which is the desired value.  It is also necessary to use some 
form of non-polarizable  electrodes in order to avoid the formation of 
gas  bubbles.  The  cell  devised  by Powis  answers  the  requirements 
but is troublesome to use if a  large number of experiments are made. 
The cell shown in Fig.  I  has been found very convenient. 
Construction  of  the  Cell.--The  cell  itself  is  made  of  a  thin  slide 
resting  on  strips  of glass  about 0.8  ram.  thick  cemented to  a  thick 
glass slide.  Two blocks of thick glass are cemented on top of the cover- 
slide  at  each end of the  cell.  The  ends of the cell are then  ground 
smooth on an emery wheel.  A  piece of thick walled glass tubing is 
widened and flattened at one end so as to cover the end opening of the 
t Ellis, R., Z. physik. Chem.,  1911, lxxviii, 321;  1912, lxxx, 597. 
Powis, F., Z. physik. Chem., 1914, lxxxix, 91. 
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cell.  This flattened end is ground smooth and is cemented to the end 
of the cell.  The same process  is  repeated  at  the  other  end  of  the 
cell.  The  method  of arranging  the  electrodes is  apparent  from  the 
figure.  The best material for cementing the cell together was found 
to be soft "De Khotinsky cement."  The pieces of glass are warmed 
to about 80  ° in an  air bath,  coated with a  thin layer of cement and 
pressed  together.  The  surplus  cement  is  then  removed  with  wire 
and the last traces are wiped off with a piece of paper moistened with 
toluene.  After  the  end-pieces  have  been  fastened  to  the  cell it is 
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advisable to run more cement around the joint to strengthen  it; this 
can easily be done by using a  small soldering iron,  the cement being 
handled in the same way as solder. 
Calibration of the Cell.--It is necessary to know the drop in potential 
per cm. in the cell itself.  Since the area of the connecting tubes, etc. 
in general is different from that  of the  cell it is necessary to correct 
for this difference.  If the apparatus as a whole is filled with the same 
solution, as is the case during an experiment, the total resistance of the 
solution  will  evidently  be  proportional  to  the  length  and inversely 
proportional to the cross-section.  Since the drop in potential per cm. JOHN ~r. NORrm~OP  631 
is proportional to the resistance per cm., it is possible to calculate the 
drop in potential in the cell itself, provided the dimensions of the rest 
of the apparatus are known.  Expressed as an equation, 
Drop in potential per cm. in the cell -- 
L¢ -- length of cell in cm. 
Ae = area of cross-section  of cell. 
Lt ffi length of tubing in cm. 
At ffi area of cross-section of tubing. 
Ac 
L  t  L¢  t +  Lt 
At  At  p 
Le 
X total drop in potential 
The total potential is measured by a voltmeter connected  to the Zn. electrodes. 
In experiments with salt concentrations of less than tenth normalthe 
resistance of the zinc sulfate is negligible.  In any case the uncertain- 
ties due to  the change in dielectric constant with increasing salt con- 
centration are probably greater than the error introduced by neglect- 
ing the zinc sulfate.  It  can be seen from the  above  that failure to 
allow for a  widening of the system at some point would make little 
or no difference in the potential gradient but that a  narrow place in 
the  system even though very short  would  cause  a  very large  error. 
It is important, therefore, to be sure that the cell is not narrowed at 
the ends by the cement or by failure to align the ends of the cell and 
the side tubes. 
Method of Measuring the Velocity  of Migration.--The  cell is clamped 
in position under the microscope, after filling the electrode tubes with 
saturated  zinc  sulfate,  and  the  electrodes  connected  to  a  source  of 
potential.  The  stop-cocks  are  turned  so as to  close the tubes  con- 
taining the zinc sulfate and the  cell filled with the  suspension,  care 
being taken to avoid air bubbles.  The stop-cocks are then turned so 
as to  connect them with the zinc sulfate solution, the  circuit closed 
and the time required for a particle to cross a  division of the microm- 
eter eye-piece  determined with a  stop-watch.  Owing to  the migra- 
tion of the water itself, it is necessary to obtain the average motion of 
the particles in the cell as a  whole.  This may be done accurately by 
determining the speed at various depths, say every 0.05 mm., plotting 
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as measured by a  planimeter and the length of the base.  This is a 
time-consuming procedure  and  Ellis  proposed  a  correction  formula 
which required only two measurements, one at the surface of the cell 
and one at the center.  This formula however, is based on the assump- 
tion that the velocity of the water in the center of the cell bears a con- 
stant relation to the velocity of the water at the walls of the cell.  This 
ratio in turn depends upon the viscosity of the solution.  The writer 
found that in the presence of proteins,  serum, etc., the formula did 
not hold, owing presumably to changes in viscosity.  It was found, 
however, that a  value could be obtained which agreed with the true 
mean value by making measurements at the middle of each sixth or 
each eighth of the cell.  Since the upper and lower halves of We cell are 
symmetrical, this requires either three or four measurements.  It was 
found that the results were more reliable if a few measurements were 
taken at four depths than if the same total number of measurements 
were  made at three depths.  The  procedure  adopted was as follows: 
The apparent depth (on account of diffraction this is three-fourths of 
the actual depth) of the cell was 0.64 ram. as measured by the microm- 
eter screw of the fine adjustment.  The velocity of the particles was 
therefore measured at a distance of 0.04, 0.12, 0.20, and 0.28 mm. from 
the top of the cell, corresponding to the center of the first four eighths of 
the cell.  Four measurements were made at each depth and the average 
of the reciprocals of these values taken as the true average velocity of 
the particles relative to the water.  It is advisable to have a reversing 
switch in the circuit and take alternate measurements with the current 
reversed.  These measurements should agree, and any divergence can 
usually be traced to air bubbles or a leak in the cell.  When there is 
no  potential across  the  cell the  particles  should  remain  stationary. 
Table I  is an example of an experiment. 
The potential is calculated from the observed velocity by means of 
the  Helmholtz-Lamb equation  as  discussed in the preceding paper) 
Accuracy  of the Method.--It  was found in general that the measure- 
ments could be repeated within 1 to 2 millivolts.  The calculated error 
from one series of measurements is considerably less than that, but 
the difference is probably due to the difficulty of making the measure- 
ments at exactly the correct depth.  It is necessary, of course, to count 
*  Northrop, J. H., and Cullen, G. E., J. Gen. Physiol., 1921-22 iv, 635. JOHN H. NORTHROP  633 
only those  particles  that  are  sharply in  focus.  This  error  could  be 
lessened by using a  deeper cell.  It was found, however, that in a  cell 
2  ram.  deep  there  was  irregular  drifting  of  the  particles.  Since the 
final  value  depends  as  a  rule  on  the  difference  of  two  experi- 
mental values, the percentage error is larger the smaller the velocity. 
- TABLE I. 
Rate of Migration of B. typhosus Suspension in Distilled Water. 
Potential gradient  -- 4.5 volts per cm. 
Distance  from  cover-glass 
at which  determination  Time to go 45/z.  Average  time.  Average/z  per second. 
was made. 
mm. 
0.04 
0.12 
0.20 
0.28 
$~. 
q-15.0  +16.0" 
+15.5  +14.0 
--4.5  --5.0 
--4.0  --5.0 
--2.5  --2.3 
--2.4  --2.6 
--2.0  --1.8 
--2.0  --2.0 
sec. 
+15.2 
--4.6 
--2.45 
~z 
+2.95 
--9.8 
--  18.2 
--2.0  -22.5 
Average ~ per second at all depths ................................  --11.9 
Average ~ per second calculated for potential gradient of 1 volt per cm.  -- 2.65 
Potential bacteria water,  -33.5 millivolts. 
* The sign refers to the apparent sign of charge of  the  particle, i.e. +  indi- 
cates migration to the cathode. 
Apparent  Reversal  of the  Charge  on  the  Glass.--It  was  noted  that 
the  direction  of migration  of the  water  reversed  at  times  under  the 
same conditions that caused a  reversal in the motion of the particles. 
It is known that the sign of the charge on glass cannot be reversed so 
that this result is at first sight anomalous.  The explanation is simple, 
however,  since  microscopic  examination  of  the  cell  shows  that  it 
becomes more or less coated with the organisms, which  adhere firmly 
to the glass.  The cell wall is, therefore, no longer glass but is partially 
composed of the same material as the suspension and therefore reverses 
its charge under the same conditions as does the suspension. 